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Abstract

In this paper I describe a simple model of photon transport. This simple model includes: tabulated cross sections and
average expected energy losses for all elements between hydrogen (Z = 1) and fermium (Z = 100) over the energy range 10
eV to 1 GeV, simple models to analytically describe coherent and incoherent scattering, and a simple model to describe
fluorescence. This is all of the data that is required to perform photon transport calculations.

1. A simple model

The following sections will discuss the details of each
component of the simple model. These components in-
clude: (1) integral parameters: cross sections and average
expected energy deposits, (2) photon scattering, coherent
form factors and incoherent scattering functions, (3) fluo-
rescence, and (4) pair and triplet production.

1.1. Treatment of integral parameters

In this section, I discuss the treatment of integral
parameters, which includes: total photoelectric, coherent
and incoherent scattering, pair and triplet production cross
sections, photoelectric subshell cross sections, and ex-
pected energy deposition for photoelectric, incoherent scat-
tering, pair and triplet production.

The data used is based on the Livermore Evaluated
Photon Data Library (EPDL), which includes data for all
elements between hydrogen (Z=1) and fermium (Z =
100), over the energy range 10 eV to 100 GeV [1]. This
data has been adopted as the ENDF /B-VI Photon Interac-
tion Library [2], but at the request of the Cross Section
Evaluation Working Group (CSEWG), the ENDF/B-VI
data has been restricted to the energy range 10 eV to 100
MeV.

In addition to the basic integral cross sections describ-
ing coherent, incoherent, photoelectric, pair and triplet
production, EPDL also includes photoelectric cross sec-
tions for each atomic subshell and expected energy de-
posits for each process. EPDL also includes form factors
and scattering functions to describe coherent and incoher-
ent scattering, respectively. The ENDF/B-VI library in-
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cludes the photoelectric subshell cross sections, form fac-
tors and scattering functions, but not expected energy
deposits (there are no ENDF/B formats for these quanti-
ties).

In evaluating the EPDL data, each physical process for
each element was considered separately. The result is data
represented on a different energy grid for each process and
each element and generally requiring log—log interpolation
between the tabulated results. Using this data in this form
in applications would be extremely cumbersome, very
expensive and simply not practical.

For use in applications the data has been reduced to
simple tabulated form. For each element, all cross sections
and average expected energy deposits are all in a simple
tabulated form where all parameters are tabulated at the
same energies and the tabulated energy points have been
selected to allow linear interpolation to any energy be-
tween any two tabulated points. At the request of users, the
energy range has been extended from the ENDF/B-VI
upper limit of 100 MeV, up to 1 GeV.

Once the data for each element has been reduced to the
simple tabulated form, described above, where all parame-
ters are represented on exactly the same energy grid, and
can be accurately represented using linear interpolation
between tabulated points, a very efficient and almost trivial
binary search can be used to define the tabulated energy
interval within which the current energy lies. Once this is
done, ALL of the parameters for an element can be defined
as a simple weighted sum of the contributions from the
two tabulated values at the ends of the interval. For
example, assume that the current energy, E, lies between
the tabulated energies, E;_, and E,. If we define the
weights,

E-E,_
Weight, = E—T’l Weight,_, = 1 - Weight ,
i j-1
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then ANY and ALL parameters can be defined at energy,
E, as,

F(E) = Weight ;F; + Weight;_,F;_, 2)

where F is any parameter of interest, e.g., photoelectric or
pair production cross section, incoherent or photoelectric
energy deposit, K or L1 photoelectric subshell cross sec-
tion, etc. and Fj_l, and FJ are the tabulated values of F at
E;_; and E;, respectively.

The systematic variation of the photoelectric edges as a
function of atomic number (Z) does not allow the data for
all of the elements to be accurately represented on a
common energy grid for all elements.

To represent all of the data over the entire energy range
from 10 eV up to 1 GeV and allow accurate linear
interpolation between tabulated points requires no more
than 255 points for any given element. In creating the files,
no attempt was made to keep the number of points under
this limit; it just happened naturally. But the result is
obviously ideal for facilitating a quick and efficient binary
search.

Formerly, people have attempted to fit the photon
interaction cross sections to analytical expressions that
could be used in applications. This approach worked quite
well to represent the basic cross sections and has been very
successfully used in the past.

If we wish to perform more detailed photon transport
calculations where we require more detailed information,
such as photoelectric subshell cross sections, over more
extended energy ranges, the approach of using analytical
expressions becomes impractical.

In the case of the approach used here, a combination of
19 different cross sections and energy depositions can
ALL be defined at any given energy as this simple weighted
average of two tabulated terms. If one attempted to fit all
of this data to analytical expressions and then had to
evaluate each of the analytical expressions at each energy
during a transport calculation, it seems clear which ap-
proach would be both faster and more accurate, ie., the
old approach of using analytical expressions simply is not
practical to use for more detailed calculations.

1.2. Photon scattering

In the following sections, discussing photon scattering,
we will only be interested in developing methods to effi-
ciently sample the normalized scattering distributions. We
assume that the cross section for each process has already
been defined and what we are interested in is: given that a
coherent or incoherent scattering event has occurred (based
on the cross sections), what is the angular, and in the case
of incoherent also the energy, distribution of the scattered
photons.

Below, we will see that based on the equations describ-
ing coherent and incoherent scattering, the most ‘“natural’’
angular variable to use is neither angle nor cos, but rather

1- cos, and more generally E2(1 — cos), where cos is the
cosine of the photon scattering angle.

1.3. Coherent scattering

The angular distribution of coherently scattered photons
is a product of Rayleigh scattering and a correction factor,
sig(cos) = R(cos) f(Ecos),

R(cos) = Rayleigh scattering,

f(E cos) = correction factor,

E = incident photon energy,

cos = photon scattering cosine,
FF(E,cos) = the form factor,

AS(E) = the anomalous scattering factor:

R(cos) = [cos? + 1],
f(E cos) = [FF(E,cos) + AS(E)]*. 3)

The anomalous scattering factor plays an important role
by creating minima in the coherent scattering cross section
just below photoelectric edges and in causing the coherent
scattering cross section to approach zero as E? as energy
approaches zero [3].

It plays a less important role in that it effects the
angular distribution of coherently scattered photons near
photoelectric edges.

The important effect of the anomalous scattering factor
on the coherent cross section has been included in the
EPDL cross sections. The less important effect of the
anomalous scattering factor on the angular distributions
near photoelectric edges will be ignored here; so that we
assume,

f(Ecos) = FF(E cos)” = form factor squared. “)

Generally for use in applications, the form factor is repre-
sented in tabulated form that is then fit by some procedure
(e.g., cubic spline) and sampled.

Here we will use an analytical expression that is sim-
ple, accurate and more efficient to sample.

For a hydrogen atom the form factor is [4,5],

Z
- —E2(1— -

FF(E ,cos) 0 +Bx]2 , x=E*(1-cos), Z=1,

for hydrogen. (5)

For more complicated atoms, the form factor can be
represented by a sum of terms, with each term correspond-
ing to the contribution of each atom subshell, j,

A,
FF(E,cos) = Z —[1 +Bj<x] N (6)

so that the form factor squared, that we need for use in
applications, can be represented in the form,

A, A
FFE,cos2= ! - k
(Ecos) ;[1+Bjx]szk:[1+ka

P (™
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This form is judged to be too complicated and expen-
sive to use in Monte Carlo calculations. So we will use the
pragmatic approach of representing the form factor in the
form,

A,

FF(Ecos)’ =Y —L — (8)

7 [1+Bx])Y

and use A; B; and N as free parameters to fit tabulated
form factors. N is easily defined by examining the high

energy shape of the form factor, where,
Bix>1,
in which case the shape is given by,
LS ©)
T .in AN N’
j [1 + Bjx ] x
where
A,
C=Y—,
i B
so that N is merely the high energy log slope of the form

factor. A; and B, are then defined to obtain the best fit to
the form factor.
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In the normally used definition of the form factor, it
varies from Z at low energy to O at high energy. Since
here we are fitting the square of the form factor, the one
constraint that we have is,

Z’= Y A, (10)

It has been found that the tabulated EPDL form factors
can be very accurately fit using no more than a sum of
three terms. For hydrogen and helium where we only have
one atomic shell (K), only one term is required. For Z =3
to 10, we have K and L shells, and only two terms are
required. For higher Z elements more terms are required as
the effect of each subshell can be seen. However, since
generally coherent scattering is described as an interaction
between a photon and the inner most, most tightly bound
electrons of an atom we do not see a sum corresponding to
contributions from each subshell; the sum seems to satu-
rate and involve contributions from only up to three dis-
cernible terms. The power N varies smoothly from 4 for
hydrogen (Z = 1) to about 2.43 for fermium (Z = 100).

Figs. 1 and 2 illustrate comparisons between the origi-
nal EPDL form factors and the fits that can be used in
applications. These figures illustrate results for elements
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Fig. 1. Comparison of EPDL and fit form factor.
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across the periodic table, Z = 1, 10, 20, 30, 40, 60, 80 and
100. The results indicate that these simple fits can be used
to approximate the square of the form factor over ten to
twelve decades of variation, i.e., well beyond the range
that we can normally statistically sample.

As can be seen from these figures, at low energy the
form factor is virtually isotropic and sampling only in-
volves sampling the Rayleigh cross section. However, at
higher energies the form factors are very strongly forward
peaked and dominate the definition of the angular distribu-
tion of coherently scattered photons.

This suggests using a rejection technique to first analyt-
ically sample the form factor and then accept or reject
based on the Rayleigh cross section.

The integral of each term of our fit is,

A;d
pef — (11)
[1+8E%y]"

A [(1+BE2 —1]

= - (12)
(N-1)B,E*[1+BE?y]

The normalization is defined by setting y =1 — cos = 2.
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The normalization can be calculated in advance for
each of the terms of the fit as a function of incident energy
at the same energies at which the cross sections are
tabulated. Then when a coherent scatter occurs, the tabu-
lated normalization can be used to quickly randomly select
one of the three terms based on its normalization, i.e., its
contribution to the sum of terms.

From this point on, we need only be concerned with
randomly sampling the one term of the series that we have
selected. The normalized form for one term is,

1

1_ e —
[1+8E%]"

A (1)

1+

P=

P = a random number, 0 to 1.

The scattering angle is then defined by analytically
inverting and solving for y (y =1 - cos).

Select a random number, P, in the range 0 to 1, and
define,

- 2
Q - BjE >
D=1+20,
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Fig. 2. Comparison of EPDL and fit form factor.
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F=[P+@-pPypy1|/" 1 (14)
_[p-F]
YT orT

The two limits of P =0 and P =1 can be easily seen to
correspond to, cos = +1 and — 1, respectively.

Lastly accept or reject based on the Rayleigh cross
section; an energy independent efficiency of 66% (i.e.,

2/3).
1.4. Incoherent scattering

The angular distribution of incoherently scattered pho-
tons is a product of the scattering function and the Klein—
Nishina formula,

sig(cos) = SF( E,cos)KN(E ,cos), (15)

SF(E,cos) = the scattering function,
KN(E,cos) = Klein—Nishina formula

e )

A = photon incident energy in electron rest mass units.

, (16)

Comparison of EPDL and Fit

) Scattering Function
10 L1999 1.1 A oeveym AES e g0 m o o o o e e e i 2 11
s [ E
e [ ]
4 [ ]
§ 2 |
£t
10
g 8 [
e b
w E ]
L] + ]
¥
E 2
1072
8
e
4 ——TZ= 1
et vyt g T Term 8
5 10—3 5 10—2 6 10—1 ] 100
E Sin(9/2) (MeV)
Comparison of EPDL and Fit
Scattering Function
. T T — T
o0 |
s Ei i ~ E
o I 7t
10
§ 5 // g /
b V4 //
E 107} / ,/ //
? s g / / i3
i ¢/ /
é 107% 7
N
5 p // H
5 r / — 7= 20
= ——— Term 1
- | —— Term 2
5 K ——-— Tern 3
:/ Fit
F A PR FESTLI
1074 5 107 8 1072 5 407! 5 40°

E Sin(9/2) (MeV)

The énergy of the scattered photon is,
A

A’= ’
[1+Ax]

x=1-cos. 17)

Substituting for A’ and canceling terms we find,
[1+ cos?][1 +Ax] + [ Ax]
[1+Ax]
x=1-cos. (18)

Note, at low energy as A approaches zero, the Klein—
Nishina equation approaches Rayleigh scattering,

KN(E cos) =

H

KN(E,cos) = [1 + cos?], (19)

and the energy of the scattered photon approaches that of
the incident photon, i.e., the energy loss approaches zero
and incoherent scattering approaches coherent scattering.

As in the case of coherent scattering, we will use an
analytical expression to represent the scattering function.
For hydrogen we have the relationship,

SF(Ecos) + FF(E,cos)’ = 1. (20)
Although this is strictly not valid for other elements it
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is often used as an approximation. However, this suggests
using,

SF(E,cos) =Z — FF', (1)

where FF’ has the same functional form as our fit for the
form factor squared,

A.
FF = Z 5 (22)

j [1+Bjx]N.

For each element we will use the same value of N as
previously defined for the form factor squared, and A; and
B; will be treated as fitting parameters. Note A; and B;
here need not be the same as those defined for coherent
scattering, e.g., for coherent scattering the sum of the 4; is
Z?, whereas here it is Z. However, when rescaled for this
difference, they are very similar as predicted by Egs. (20)
and (21); for hydrogen they are virtually identical.

At low energy the scattering function approaches zero
as E? in the forward direction and at high energies it
approaches a constant, Z, in the backward direction; in-
deed in almost all directions, except the extreme forward
direction.

For the normally used definition of the scattering func-
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tion, it varies from O at low energy to Z at high energy.
Therefore the one constraint that we have is,

Z=Y A, (23)
j
and we can write

SF(Ecos) = Z 4
,C08) =4 — e —d
7 [1+Bx]"

=Y A1 (24)
j

~ I

[1+B;x]

The results are similar to those obtained for coherent
scattering, in the sense that it has been found that in no
case are more then three terms required to obtain excellent
agreement between the EPDL scattering functions and the
fit. One term is adequate for Z =1 or 2, where we only
have one shell (K). Two terms are required for Z =3 to
10, where we have two shells (K, L). Higher Z elements
require an additional term. Incoherent scattering is usually
described as an interaction between a photon and the outer
most, most loosely bound electrons. So what we seem to
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Radiative (x-ray) Emission Spectru
) due to a single vacancy in the K-shell of Uranium
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Fig. 5. Radiative (X-ray) emission spectrum.

see is that the sum rather than including contributions from
each subshell, saturates and only requires up to three terms
to represent the contribution of the outer most subshells.

Figs. 3 and 4 illustrate comparisons between the origi-
nal EPDL scattering functions and the fits that can be used
in applications.

At low energies the scattering function plays an impor-
tant role in suppressing forward scattering, compared to
the Klein—Nishina formula. In the case of extreme low

energies it essentially multiplies the Klein—Nishina for-
mula by E2 At higher energies the scattering function
plays very little role, except at very forward angles where
it will always suppress the forward scattering. At very high
energies it plays essentially no role and is often simply
ignored in applications.

This suggests using a rejection technique to first sample
the Klein—Nishina formula and then accept or reject based
on our fit. In this case we need not invert our fit (as was

Non-radiative (electron) Emission Spectrum

Enission Probability and Integral

o Electrons 9.8022 % |

due to a single vacancy in the K-shell of UrAnuun

2 4 8 5102 2

Emission Energy (eV)

Fig. 6. Nonradiative (electron) emission spectrum.
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done in the case of coherent scattering), we merely first
sample the Klein—Nishina formula to define x and then
define the sum,

1
SF(E,cos) =) A {1 - ———— 1, (25)
j [1 +B X ]
and accept if the sum is greater than or equal to Z times a
random number. The efficiency will vary from 1/3 at low
energy to essentially 1 (100% acceptance) at high energies.

1.5. Fluorescence

The Livermore Evaluation Atomic Data Library
(EADL) (see Ref. [1]) contains data to describe the relax-
ation of atoms back to neutrality after they are ionized,
regardless of what physical process ionized the atom, e.g.,
photoelectric, electron ionization, internal conversion, etc.

The data in EADL includes the radiative and non-radia-
tive transition probabilities for each subshell of each ele-
ment, for Z = 1 through 100. Given that an atom has been
ionized by some process that has caused an electron to be
ejected from an atom, leaving a vacancy or “‘hole”” in a
given subshell, the EADL data can be used to calculate the
complete radiative (fluorescence) and non-radiative (Auger
and Coster—Kronig) spectrum of X-rays and electrons
emitted as the atom relaxes back to neutrality [6].

For a K shell photoelectric event in uranium if fluores-
cence is not considered all of the energy of the photon is
assumed to be deposited locally, at the point of the event.
If fluorescence is considered, a portion of the approxi-
mately 116 keV binding energy of the ejected electron will
be emitted as fluorescence X-rays. The portion emitted
will be independent of the photons incident energy, i.e.,
every photoelectric event leads to an ionized atom that will
then return to neutrality, independent of how it was ion-
ized.

Even for only a single initial ‘‘hole”’ the relaxation of
an atom can involve many radiative and non-radiative
transitions. For example, given a single initial vacancy in
the K shell of uranium, the vacancy will be filled by an
electron transition from another subshell. If the transition
is radiative the atom emits a fluorescence X-ray and there
will now be one ‘‘hole”” in the other subshell. If the
transition is non-radiative the atom emits an electron and
there will now be two ““holes’” in other subshells. These
““holes’” will in turn be filled by transitions from other
subshells until the atom returns to neutrality. Due to the
multiplication of ‘‘holes’” from non-radiative transitions
the result can be a very large number of transitions.

Figs. 5 and 6 illustrate that these spectra can be quite
complex. In this case a single ‘‘hole” in the K shell of
uranium statistically leads to the emission of 154 different
energy X-rays and 2772 different energy electrons. Of
course in any single given event far fewer X-rays and
clectrons are emitted, but when averaged over a large

number of such events this will be the observed emitted
spectra. The most important point to note is that rather
than the entire energy being deposited locally, over 89% of
the binding energy is re-emitted as fluorescence X-rays.
These X-rays are emitted just below photoelectric edges,
where the cross sections can be quite small, which allows
these X-rays to be quite penetrating. In absolute terms this
means that a photoelectric event due to a photon just above
the K edge at 116 keV will lead to the emission of about
100 keV of fluorescence X-rays — 89% of its energy; a 1
MeV photon will also result in about 100 keV of fluores-
cence X-rays ~ about 10% of its energy, etc. In the case of
a 116 keV photon the local deposition will only be 16 keV.
However, if fluorescence is not considered, it is assumed
to be 116 keV; over 700% higher than the actual value.
This over estimation will decrease at higher energies, but
even by 1 MeV it will still be about 10% too high. From
Fig. 5 we can see that most of the fluorescence X-ray
energy will be emitted in a narrow band near 100 keV, just
below the K edge where the cross section is only about
25% of the cross section at the top of the K edge, allowing
these X-rays to be quite penetrating. For photon transport
calculations extending down to energies below several
MeV, to realistically model the transport, these fluores-
cence X-rays should be included in calculations.

This point has been recognized for many years and
fluorescence has been included in modern Monte Carlo
photon transport codes [7,8]. In these codes the “‘jump’” in
the photoelectric cross sections across an edge is used to
estimate the fluorescence yield for each subshell.

Now that the photoelectric subshell cross sections are
available from EPDL and the fluorescence yield is avail-
able from EADL we can use a more detailed model for
fluorescence. The subshell cross sections can be used to
define what subshell was ionized, and once a subshell is
selected our fluorescence yield data can be used to define
the emitted X-rays. However, to be able to do this effi-
ciently in calculations we must decide what is or is not
important and try to include only those details that are
important.

These spectra are judged to be too complicated to
sample in detail in applications. However, the most impor-
tant details can be efficiently sampled. We can use the fact
that fluorescence decreases by roughly an order of magni-
tude for each successive shell. For example, in the case of
uranium the fluorescence due to a K shell vacancy is
almost 100%, whereas the L shell will be about 10%, the
M shell about 1%, etc. In addition we can divide the
photon spectrum into those X-rays due to the initial va-
cancy being filled (what I will refer to as direct or primary
X-rays) which are the most energetic X-rays emitted, and
those X-rays due to vacancies generated in other shells as
the atom relaxes back to neutrality (what I will refer to as
secondary X-rays). I will refer to the combination of direct
or primary and secondary as the enhanced or total yield.
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Fig. 5 illustrates the emitted X-rays (fluorescence) due
to a single vacancy in the K shell of uranium. The boxes
represent the individual emissions and the solid line repre-
sents the integral of the emitted energy spectrum. From
this figure we can see that there are 154 individual X-rays
emitted, but most of the emissions in terms of probability
and energy are in two narrow energy bands just below the
K and L edges; these two bands correspond to the direct
and secondary fluorescence yields. Based on the integral of
the spectrum, in this case the primary fluorescence just
below the K edge accounts for about 95% of the emitted
X-ray energy and the secondary emission just below the L
edge another 4.8%. The entire remainder of the spectrum
accounts for only about 0.2% of the emitted X-ray energy,
which is small compared to the uncertainty in the emitted
spectrum. This suggests that for use in applications rather
than attempting to model the entire emitted fluorescence
X-ray spectrum all we need model are the two narrow
bands of emission just below the K and L edges, in the
case of a K shell vacancy; or L and M, for L vacancies; M
and N, for M vacancies, etc.

Based on the EADL data, we can calculate [6] the

direct and secondary fluorescence yields, both in terms of
number of photons and energy emitted as fluorescence for
every subshell of every atom (Z = 1 through 100). For use
in calculations, this data has been reduced to a form where
a vacancy in any subshell can result in the emission of up
to two fluorescence X-rays where the emission probabili-
ties and energies have been defined to exactly conserve the
direct and enhanced fluorescence yields, both in terms of
number and energy. These two X-rays per vacancy can
accurately model the two narrow bands of emitted X-rays
just below the K and L edges that we saw in the Fig. 5.

Since the fluorescence yield decreases rapidly with
subshell, an accurate model of fluorescence yield does not
require all of the individual subshells to be represented.
For use in applications the photoelectric subshell cross
sections have been grouped in: K, L1, L2, L3, M, N, O, P,
Q, i.e., the most important inner subshells of K and L are
represented separately, and the remaining subshells of each
shell are grouped together. Furthermore, fluorescence is
only considered for K, L1, L2, L3, M and N, which tracks
the yield down to a very low level, well below the
uncertainty in our atomic relaxation data.
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Fig. 7. Example photon cross sections.
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Following each photoelectric event we first use the
subshell cross sections to randomly select an electron
vacancy in a subshell. Once this has been done, the
probability of fluorescence yield for that subshell is used
to randomly emit X-rays of a given energy; up to two
X-rays per primary vacancy are allowed. Even in the
extreme case of high Z elements where the K shell fluores-
cence yield can approach 100%, the two X-rays allowed in
this model will track the yield from K shell vacancies
down to about 1%. By allowing individual subshells to be
sampled the fluorescence will be tracked down even fur-
ther in energy, e.g, if we had statistically sampled a
vacancy in an L subshell the yields could approach about
10% and 1%, tracking the yield down to about 0.1%.

1.6. Pair and triplet production

In the case of pair production, the photon interacts with
the field of an entire atom. The photon disappears and an
electron—positron pair is created. The sum of the energies
of the electron—positron pair is the incident energy of the
photon minus the rest mass of the electron—positron pair.

In the case of triplet production the photon interacts
with the field of an electron. The photon disappears and an
electron—positron pair is created, and an electron is ejected
from the atom (leaving an ionized atom). The sum of the
energies of the electron—positron pair plus the ejected
electron is the incident energy of the photon minus the rest
mass of the electron—positron pair and the binding energy
of the ejected electron. Compared to the energies of the
electron—positron pair, generally the energy of the ejected
electron is quite small.

Pair and triplet production are fairly complicated pro-
cesses, since they are three body processes. For example,
in pair production the electron and positron need not
equally share the available kinetic energy; indeed at higher
energies the spectrum for both becomes quite wide. Here I
will merely mention that this spread in the spectra will
effect bremsstrahlung emitted by the electron and positron
as they slow down in the medium.

Here I will use the simplest possible model for pair and
triplet production. I will assume that the electron and
positron both slow down and come to rest close to the
point of the pair or triplet production event. Therefore, all
of their kinetic energy will be deposited locally, and when
the positron annihilates two 0.511 MeV photons are cre-
ated at the point of the pair or triplet event. In the case of
triplet production, I will also ignore the low energy ejected
electron and the ionized atom.

Later in this paper, I will again discuss pair and triplet
under the section What’s next?

2. The importance of each process

Fig. 7 illustrates the photon cross sections for four
elements spaced across the periodic table. In all cases the

variation of the cross sections are smooth functions of Z,
so that even from merely these four examples we can see
all of the trends of the various cross sections.

Generally, at low energy photoelectric is by far the
dominant process. In comparison, the coherent and inco-
herent cross sections are so much smaller that they are of
importance only in special calculations, such as back scat-
tering measurements, where their cross sections may be
small, but these are the only processes available to back
scatter photons. As described above, at low energy inco-
herent scattering approaches coherent scattering (no energy
loss) and photoelectric is the only effective energy loss
process for photons.

At low energies, in high Z elements, fluorescence can
be a very important effect, since it can effectively transfer
photons from energies above photoelectric edges, where
the cross section is high, to energies just below the edges,
where the cross section can be much smaller; thereby,
allowing these photons to be much more penetrating. Since
at low energies the photoelectric cross section can be very
large, fluorescence can appear almost to be a surface
effect, i.e., most of the photoelectric events above the
edges will occur very close to the surface of a high Z
element. This will tend to increase the reflection from high
Z clements. However, it can also contribute to penetration
through materials. For example, in high Z elements the
cross section at the bottom of the K edge is about 1/4 to
1/5 that of the cross section at the top of the edge.
Therefore, if we have a material that based on the cross
section at the top of the K edge is say 10 mean free paths
thick (we expect little if any transmission), fluorescence
can move photons to below the K edge where the material
is only 2 to 2.5 mean free paths thick.

At high energies pair and triplet production become the
dominant processes. Above about 10 MeV their cross
sections are so much larger than the coherent and photo-
electric cross sections that the latter can be effectively
ignored. Even at fairly high energies incoherent scattering
continues to play an important role and should not be
ignored. At these high energies coherent and incoherent
scattering are very forward peaked, and cause very little
back scatter.

At intermediate energies between the high keV and low
MeV regions incoherent scattering can be very important.
In this energy range the photoelectric cross section has
decreased to a small value and the pair and triplet produc-
tion cross sections have not yet become significant. There-
fore, the only effective process that can decrease the
energy of photons is incoherent scattering. From Fig. 7 we
can see that incoherent scattering in this energy range is
particularly important for low Z elements, e.g., hydrogen.
At lower energies the incoherent cross section approaches
zero as E?, and becomes dominated by the rapidly increas-
ing photoelectric. Similarly, at higher energies the incoher-
ent cross section decreases, and eventually becomes domi-
nated by the rapidly increasing pair and triplet production
Ccross sections.
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Coherent scattering can be an important process in the
keV region, in that by scattering photons it will tend to
keep them from escaping from a medium, but in no case is
coherent scattering the dominant process. At lower ener-
gies the coherent cross section approaches zero as EZ, and
at higher energies it also decreases toward zero. From Fig.
7 we can see that at low energy coherent is the dominant
scattering process. Just below photoelectric edges in high
Z elements the coherent cross section can be a significant
contribution to the total cross section, e.g., about 10%, that
does effect transport.

3. Example results

The purpose of this paper is to introduce the reader to
this simple model of photon transport. For acceptance for
publication as a journal article this paper has been signifi-
cantly reduced from its original form which also included
a variety of example results. For additional details of this
model and example results the reader should see Refs.
[9,10] and in particular Ref. [11], which is the original

paper.

4. What’s next?

The most common assumption used in many photon
transport codes is that any energy lost by the photons is
deposited locally at the point where each event takes place.
In fact, none of the processes that I have discussed in this
paper allow photons to directly deposit energy; all that
photons can do is transfer their energy to electrons and
positrons. In the case of a 20 MeV pair production, do the
electron and positron really stop and deposit all of their
energy very close to where the pair production occurred, or
do they travel and maybe even escape from the medium?
The same should be asked of electrons that receive energy
from incoherent scattering events. What about feedback? Is
it important to consider bremsstrahlung, that will create
more photons? What about electron ionization, that can
lead to fluorescence?

~ Because of the coupling between photon and electron,
positron transport, without considering the transport of
electrons and positrons the picture of photon transport is
incomplete. I am not going to even try to cover this topic
here. That’s what I will cover next: A Simple Model of
Electron Transport.

5. Conclusions

In this paper I described a simple model of photon
transport. This simple model includes: tabulated cross
sections and average expected energy losses for all ele-
ments between hydrogen (Z =1) and fermium (Z = 100)

over the energy range 10 eV to 1 GeV, simple models to
analytically describe coherent and incoherent scattering,
and a simple model to describe fluorescence. This is all of
the data that is required to perform photon transport calcu-
lations.

These models have now been implemented in the EPIC
(Electron Photon Interaction Code). All of the figures and
results presented here are from EPICSHOW [9], an interac-
tive program to allow access to the EPIC data bases, and
EPICP [10], a simple photon transport code designed to
develop optimum algorithms for later use in EPIC. All of
the data described in this paper and all of the programs
needed to use it, are available from the author.
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